The efficacy of photoperiod as a zeitgeber for entrainment of circannual body weight and estrous rhythms was tested in female golden-mantled ground squirrels maintained for 3 or more years in either a simulated natural photoperiod (SNP) or a fixed LD 14:10 photoperiod (FP). The role of the retinohypothalamic tract&mdash;suprachiasmatic nucleus (RHT-SCN) projection in photic entrainment was assessed in animals that sustained destruction of the SCN (SCN x ). Circannual rhythms were lengthened by the SNP as compared to the FP. Mean periods (&tau;'s) for neurologically intact animals in the third year of testing were 49.6 &plusmn; 0.3 weeks and 43.1 &plusmn; 1.2 weeks ( p < 0.001) for the SNP and FP groups, respectively; furthermore, 56% and 7% of animals in these groups had &tau;'s not significantly different from 365 days ( p < 0.005), and within-group variability was lower for SNP than for FP squirrels ( p < 0.01). SCN x squirrels differed from animals with the SCN intact (SCN c ), as evidenced by higher within-group variability ( p < 0.001); only 29% of SCN x squirrels had &tau;'s not different from 365 days ( p < 0.03 compared to the SCN c group). The coupling between estrous and body weight rhythms that was evident in SCN-intact SNP and FP squirrels was disrupted in SCN x animals. The RHT-SCN pathway is implicated in entrainment and in maintenance of normal phase relations among the several circannual rhythms. In a second experiment, female squirrels were maintained for 2.5 years in an accelerated SNP that compressed two normal annual photocycles into each calendar year. Of 12 squirrels, 3 had &tau;'s that did not differ significantly from 6 months; 6 had &tau;'s equivalent to 12 months; and 3 had &tau;'s significantly different from both 6 months and 12 months. The data suggest that photoperiod is a major zeitgeber for entrainment of golden-mantled ground squirrels' circannual rhythms.
Recurring annual cycles of reproduction, body weight, lipid deposition, molt, migration, and hibernation have been reported in several vertebrate species maintained in unvarying photoperiods for several years. These rhythms &dquo;free-run&dquo; with periods (T's) different from 12 months and can be entrained to a T of 365 days by alternating sequences of long and short daylengths in sheep (reviewed in Karsch et al., 1991) , avian species (Gwinner, 1971 (Gwinner, , 1986 Follett and Follett, 1981) , deer (for a review, see Goss, 1983) , and trout (Sundararaj et al., 1982; Duston and Bromage, 1986 , 1987 . In contrast, photoperiod has long been considered ineffective as a zeitgeber for entraining circannual rhythms of the goldenmantled ground squirrel, Spermophilus lateralis (e.g., Pengelley and Fisher, 1963; Asmundson, 1969, 1970) . Pengelley et al. (1976) varied light intensity and concluded that &dquo;light did not affect the free-running period and did not appear to act as a zeitgeber&dquo; for circannual rhythms. This conclusion was premature, based as it was on examination of rhythms of squirrels maintained in fixed light-dark (LD) cycles. Many rodent species respond to the direction of change as well as the absolute duration of daylength (e.g., Horton, 1984 Horton, , 1985 Hoffman and Johnson, 1985; Stetson et al., 1986) . The fixed photoperiods (FPs) used in early attempts to entrain ground squirrels' circannual rhythms were devoid of much of the predictive information contained in the natural photocycle, and thus did not provide definitive tests of the role of light as a zeitgeber.
Manley (1982) placed a small number of golden-mantled ground squirrels in a simulated natural photoperiod (SNP) 6 months out of phase with local time, and documented reentrainment of circannual rhythms over the course of 2-4 years. These squirrels were exposed to low temperatures and allowed to hibernate normally; because low temperatures can phasedelay circannual rhythm of squirrels Mrosovsky, 1983, 1985;  Mrosovsky, 1986) , the relative contributions of photoperiod and temperature in entrainment remain to be disentangled.
The neural pathways by which light affects circannual rhythms are unknown. In several mammalian species, entrainment of circadian rhythms appears to be mediated by a retinohypothalamic tract (RHT) that terminates in the suprachiasmatic nucleus (SCN). Destruction of all visual projections other than the RHT spares entrainment (e.g., Stephan and Zucker, 1972; Rusak, 1977) . The RHT-SCN pathway is also sufficient for noncircannual photoperiodic responses of mammals (Smale and Morin, 1990) , and is thus a good candidate pathway for photic entrainment of circannual rhythms. Testing RHT involvement in entrainment of circannual rhythms is facilitated by the observation that SCN lesions that interrupt the RHT do not disrupt generation of circannual rhythms in most squirrels (Zucker et al., 1983; Dark et al., 1985) , whereas such ablations eliminate coherent circadian organization and thus compromise tests of the role of the RHT in circadian entrainment (Rusak and Zucker, 1979) .
In the present study, we assessed whether an SNP is an effective zeitgeber for entrainment of circannual rhythms of squirrels held in constant temperatures. Several methods may be used to establish entrainment of circannual rhythms to zeitgebers (Farner, 1985; Gwinner, 1986; Zucker et al., 1991 ) . One approach is to determine the reliability of specific events occurring on the same date each year, which necessarily implies that there should be low within-group variability as evidence of group synchronization to the zeitgeber. The additional implication is that events that occur on an annual basis (e.g., onset of reproduction, weight peaks and nadirs, onset of hibernation, etc.) should maintain a particular phase relation to each other. A second method is to determine whether, within the range of entrainment, the circannual rhythm responds to changes in frequency of the zeitgeber. A third approach is to return the animals to a free-running state after establishing rhythm synchronization by the zeitgeber. If the zeitgeber has entrained the rhythm, the free run will begin from the point of entrainment and not from the predicted free-running circannual phase. In this study, we employed the first two approaches to determine whether photoperiod is a zeitgeber for ground squirrel circannual rhythms; the third and most definitive approach was not adopted because of limitations imposed by the lifespan of the squirrels and because the circannual T is not stable between years.
Golden-mantled ground squirrels are diurnally active above ground from approximately April to October, and spend the remainder of each year underground in lightless hibemaculae (Bronson, 1977) . If photic entrainment of circannual rhythms occurs, then it must be effected by light phase-shifting circannual oscillators between April and October; entrainment also may be influenced by changes in T of circannual clocks during the 6 months of constant darkness (DD) encompassing the hibernation season. We speculated that exposure to DD in the hibernaculae for approximately 6 months each year might lengthen the T of free-running rhythms, relative to T's in LD 14:10 or LD 12:12 photocycles. In previous studies of freerunning rhythms in this laboratory that used FPs of 10 or 14 hr of light per day, circannual T was longer for squirrels in the 10-hr than in the 14-hr regimens (Zucker and Boshes, 1982; Zucker et al., 1983; Zucker, 1985) . Accordingly, we assessed the effects of an SNP for the months of April-October, in conjunction with various light regimens (DD, constant light [LL] , LD 12:12) during the remainder of each year, on entrainment of several circannual rhythms. We also examined whether the RHT-SCN pathway is necessary for entrainment of circannual rhythms by the SNP.
METHODS

EXPERIMENT I
ANIMALS Female golden-mantled ground squirrels (Spermophilus lateralis) born in the laboratory to pregnant females trapped near Lake Almanor and Susanville, CA, were maintained in the laboratory at 22°C. A total of 61 animals bom in June were housed in LD 14: 10 until the following March and then were moved to LD 10:14 for 1 month. Beginning April 1, the lighting regimen was changed to simulate that for 37°N (SNP). Astronomic timers (Intermatic Inc., Spring Grove, IL) generated daily changes in photophase, ranging from 12 hr, 39 min of light on April 1 to a maximum of 14 hr, 58 min on June 21, and declining to 11 hr, 47 min on October 1. Between October 1 and April 1, squirrels were kept in light-tight cabinets illuminated continuously with dim red light of low intensity (designated DD) or in LD 12:12 or LL (Table 1 ). Light intensity during LD 12:12 and LL averaged 65 lux and was below the sensitivity of the instrument (<5 lux) during the scotophase and during DD. These squirrels were divided into five groups, all of which were exposed to the SNP for 6 months, alternating with 6 months of DD, LL, or LD 12:12 each year for 3 years (Table 1) :
Group 1: SCNX-DD (n = 14). Squirrels sustained complete ablation of the SCN, under deep anesthesia as previously described (Zucker et al., 1983) , between March 16 and 23, just prior to onset of SNP; SNP was in effect from April 1 to October 1, alternating with DD from October 1 to April 1 each year. Group 2: SCNC-DD (n = 6). Treatment was the same as for group 1, except that lesions spared all or most of the SCN. Group 3: LD (n = 15). Intact squirrels were maintained in SNP from April 1 to October 1 and LD 12:12 from October 1 to April 1 each year. Group 4: LL (n = 13). Intact squirrels were maintained in SNP from April 1 to October 1 and in LL from October 1 to April 1 each year. Group S: DD (n = 13). Intact squirrels were maintained in SNP from April 1 to October 1 and in DD from October 1 to April 1 each year.
Two additional groups of females were as follows:
Group 6: DD-W (n = 10). Intact squirrels were bom in June into LD 14:10 and placed in DD condition at weaning. This group was similar to group 5, except that the SNP ' was initiated at weaning (2 months) rather than at 10 months of age. Group 7: FP (n = 19). Intact squirrels were maintained from birth in June in an FP of LD 14: 10.
Each week animals were weighed ( -~-1 g) and reproductive condition was monitored as described previously (Zucker and Boshes, 1982; Lee et al., 1986) . The vaginal introitus was judged as open, partially open, or closed; labia were scored as swollen or flat; and labial coloration was categorized as red, pink, or flesh-colored. A 5-point scale using these measures ranged from 0 (no swelling or coloring and closed) to 5 (swollen, red, fully open). A score of ~3 (swollen, pink, partially open) was considered indicative of estrus.
ASSESSMENT OF DAMAGE TO THE SCN
At the end of testing, the vitreous humor of each eye of squirrels with lesions was injected with 15 jjbl of a 20% horseradish peroxidase (HRP) solution while the animals were anesthetized with halothane vapors. Forty-eight hours later, under sodium pentobarbital anesthesia, squirrels were perfused intracardially with 2% glutaraldehyde in phosphate buffer. Brains were removed and stored in 1.5% glutaraldehyde until 40-pLm serial sections of the diencephalon were prepared and processed for the histochemical demonstration of HRP-labeled retinal processes in the area of the SCN (Dark et al., 1985) . Sections were counterstained with cresyl violet. Tissues of squirrels that died prior to the end of the experiment (n = 4) were stained only with cresyl violet.
DATA ANALYSIS
Calendar dates for onset of estrus and for annual peaks and nadirs in body weight were determined as previously described (Zucker, 1985) . Cluster analysis (Brown et al., 1988; Karsch et al., 1989 ) was used to divide contiguous weights with similar values into clusters. A stepwise algorithm on log-converted weights identified clusters of similar values; the algorithm terminated when the cluster differed from its neighboring cluster or the cluster once removed by a significant t statistic (t > 3.0; Brown et al., 1988) . Uses of the cluster once removed permitted the identification of intermediate clusters of increasing or decreasing weight, and narrowed the peak and nadir periods to shorter durations (Fig. 1 ). The error FIGURE 1. A typical body weight record with nadir (a), rising (b), peak (c), and falling (d) clusters marked by vertical lines. From these differentiations in the weight cycle, T's were determined for each cycle: (1) T between nadir weights (onset of nadir clusters, midpoint of nadir clusters, and absolute nadir weights); (2) T between peak weights (onset of peak clusters, midpoint of peak clusters, and absolute peak weights); (3) declining weight phase (midpoint of peak cluster to midpoint of nadir cluster); and (4) increasing weight phase (midpoint of nadir cluster to midpoint of peak cluster).
term was deliberately overestimated in this procedure, thereby providing a conservative estimate of the dispersion between clusters. Data previously gathered from ground squirrels housed in FPs demonstrated that T is not consistent from year to year in each animal (Zucker and Boshes, 1982; Zucker, 1985) . The cluster analysis avoided the assumption made by harmonic analysis that cycles are repeated each year with little within-animal variability.
Measures determining synchronization for each group were provided by analysis of within-and between-year variance in annual dates of estrus onset, absolute nadir weight, absolute peak weight, and onset and midpoint of nadir and peak clusters (Fig. 1 ). Durations of annual nadir, peak, and intermediate clusters, as well as durations of intervals between midpeak and midnadir values, were determined for each group so as to determine whether one phase of the cycle was more influenced by photoperiod than another (Fig. 1 ). T was calculated as the number of days between nadirs, peaks, and onsets of estrus for each group. Thus period could be measured on two separate circannual cycles and from several phase reference points. No individual measure was superior to any other, and the several indices did not produce identical T's. Therefore, an aggregate T ± SEM computed for each animal was compared for deviance from the period of the zeitgeber (365 days). Aggregate T's were also used to generate group means and variances. Internal phase relations of the cycle were determined with correlations among annual occurrences of midpeak body weights, midnadir body weights, and estrus onset, and were compared between groups. Groups 1-5 had four nadirs, three to four peaks, and four to five estrus onsets during the study. Group 6 had one fewer data point for body weight nadir and estrus, and group 7 had one fewer nadir cluster.
Group means ( ± SEMS) for T's were compared between groups and to the expected value of 365 days by two-tailed t test, analysis of variance (ANOVA), or repeated-measures ANOVA, where appropriate (Wilkinson, 1988) . Group differences in variance were analyzed with Bartlett's chi-square test for homogeneity of variance (Systat, Version 4.1). Differences were considered significant at p < 0.05 (two-tailed tests). The analysis proceeded in three steps. First, groups exposed to different winter photoperiods (groups 3-5) were compared. Second, the mean annual T of groups 5 and 6 was contrasted at comparable ages (e.g., timing of first estrus at 1 year of age) and for the same year (e.g., date of estrus onset in spring of the first year, regardless of age). Third, animals maintained in the SNP were compared with squirrels in the FP. After histological examination of the brain sections, the data of lesioned animals were assigned to SCNX or SCNC groups according to absence or detectability of SCN tissue, respectively, and groups were compared.
EXPERIMENT 2 ANIMALS Female squirrels bom in the laboratory in June were housed in LD 14: 10 for the first year of life. Animals manifesting clear body weight cycles (n = 12) were moved on July 11, at 13 months of age, into a light-controlled chamber. An accelerated light cycle that simulated variation in daylength at 37°N was generated by an astronomic timer. Daylength changed the equivalent of 2 days every 24 hr, so that the 6-month variations in daylength (March 27-September 27) were compressed into 3 calendar months. During this time the photophase increased from 12 hr, 26 min to a maximum value of 14 hr, 58 min and declined to a minimum value of 11 hr, 57 min. For the next 3 months, squirrels were kept in continuous dim red light (DD) . The Squirrels were weighed every other week the first year and weekly thereafter; reproductive condition was determined as previously described.
Analyses similar to those for the previous experiment identified the midpoint of peak and nadir clusters, T's between peak and nadir dates, and peak and nadir cluster durations. The intervals between peak and nadir midpoints, the date of estrus onset, and the intervals between estrus onsets were also determined. Statistical analyses as described for Experiment 1 were used to compare squirrels to an expected T of 6 or 12 months.
INFLUENCE OF THE SNP AND FALL-WINTER PHOTOPERIOD
Groups 3-5 were exposed to the SNP during April-October and to different lighting conditions (DD, LD 12:12, LL) during October-April each year. No significant differences were detected among groups 3-5. The T increased significantly between the first and third years of the study (repeated-measures ANOVA, p < 0.05-0.01; Table 2 ), and the groups did not differ significantly from one another in any year (ANOVA, p > 0.10; Table 2 ). Although T lengthened significantly by the third year, all three groups had T's significantly less than 365 days (two-tailed t test, p < .001). However, the percentage of individual animals that had T's significantly different from 365 days declined from 70-80% in the first year to 46% 'Animals were exposed to the SNP between April 1 and October 1 each year, and to the winter photoperiod between October 1 and April 1 each year. b Animals significantly increased T over the three cycles (repeated-measures ANOVA, p < 0.01), with no significant effect of winter photoperiod. There were no significant winter photoperiod group differences for any individual cycle. 'Animals were treated identically to DD group, but entered experiment at 2 months instead of 10 months of age. * T did not differ significantly from 365 days.
(DD) and 42% (LD and LL) in the third year. Thus, in the final year a majority of animals in each treatment had T's that did not differ significantly from 365 days.
Synchronization of SNP squirrels, as measured by annual onset of estrus, weight nadir, weight peak, and so forth, did not differ as a function of DD, LD 12:12, or LL winter treatments, For example, the onset of estrus occurred significantly earlier in years 2 and 3 than in year 1, but years 2 and 3 did not differ significantly from each other (as measured by repeated-measures ANOVA within and between groups). Thus, as circannual T increased, the date on which specific events occurred was stabilized. The variance about the mean, a second indication of synchronization, was low in each group, did not differ between groups, and did not change over the years of the study (Bartlett chi-square tests of homogeneity of variance).
COMPARISON OF SNP AND FP SQUIRRELS
Data from groups 3-5 (neurologically intact animals that were exposed to the SNP) were pooled for comparison to squirrels housed continuously in LD 14:10 (FP; group 7). Mean aggregate T's were significantly shorter for FP than for SNP animals on each cycle (Table  3) . In year 3, all but one (93%) of the FP squirrels had T's that differed significantly from 365 days, as compared to 44% of SNP squirrels (p < 0.005). A repeated-measures ANOVA across annual T's revealed significant FP and SNP between-group differences. T increased from year to year for SNP squirrels, and did not vary systematically in FP animals. Variance of T was greater for FP than for SNP squirrels in the third year. Within-group comparisons did not reveal intragroup differences, indicating that squirrels within each group responded similarly to experimental conditions. FP animals were less closely synchronized than were SNP animals: FP animals were significantly more variable for dates of specific estrus or weight measures, and became progressively more variable with each year as compared to SNP animals (within-and betweengroup Bartlett chi-square for homogeneity of variance). By the third year, 50% of weight and estrus measures were more variable for FP than for SNP animals, and the date of estrus onset or weight measures differed significantly 21 % of the time. In addition, the duration of the declining weight phase of the cycle (peak-to-nadir interval) was significantly shorter for FP than for SNP animals for the last 2 years (SNP = 50 and 53 ± 5 days versus FP = 22 and 31 ± 9 days; p < 0.01).
The stability of the phase relations among circannual measures of body weight nadir, previous weight peak, next weight peak, and estrus onset in years 2 and 3 for each group was assessed, by calculating Pearson correlation coefficients with Bonferroni adjusted probabilities. During year 2, dates of weight nadir, estrus onset, and peak after nadir weight of FP squirrels were highly correlated; for SNP squirrels the several weight measures were highly correlated with one another, but not with estrus. In year 3, all variables were equally intercorrelated for FP and SNP animals.
COMPARISON OF SCNC AND SCNX SQUIRRELS IN THE SNP
The 14 SCNX squirrels (group 1) included 11 with lesions that completely ablated the SCN and 3 with small amounts of residual tissue (< 10%), visible only under darkfield examination. Six squirrels constituted a lesion control group (group 2; SCNC): Two animals had intact SCN (>90%), three had at least one intact nucleus, and more than 25% of each SCN was spared in one animal. SCNC animals did not differ from intact SNP squirrels with respect to mean calendar dates, T's, cluster intervals, and variance for these measures.
Manifestation of Circannual Rhythms. Body weight and estrous rhythms were more likely to be disrupted in SCNX than in SCNC or FP squirrels. Body weight rhythms were considered disrupted if the cluster analysis did not differentiate peak and nadir clusters over the course of 12 months ( Fig. 2A) , and damped if the cluster analysis discriminated changes within a cycle but not discrete phases of the cycle. For example, several animals demonstrated annual rhythms based on visual inspection of the data, but the amplitude of the weight change from peak to nadir values was too small to allow statistical discrimination of nadir and peak clusters (Fig. 2B ). A typical weight cycle from a FP squirrel is shown for comparison ( Fig. 2C ). Estrous cycles were considered disrupted if 2 or more years elapsed during which estrus was not detected. Body weight rhythms were significantly more likely to become acyclic in SCNX than in SCNC animals (SCNx = 38%, SCNC = 6.5%, chi-square test, p < 0.005). Loss of estrous cycles also was more common in SCNX than in SCNC squirrels (SCNX = 31 %, SCNC = 3.9%; chi-square test, p < .005). Data from SCNX squirrels were included in subsequent analyses only when there was evidence of circannual rhythmicity based on the cluster analysis. Rhythm Variability and Period. SCNx animals differed significantly from intact squirrels on many measures. The primary effect of SCN ablation was greatly increased interanimal variability on 60% of measures (Bartlett's chi-square test). Variability differences were so pronounced that mean T, mean dates of estrus, and body weight peaks and nadirs did not differ consistently between SCNx and SCNC groups, according to a repeated-measures ANOVA across years (Table 3) .
T measures of SCNx animals for the first 2 years were also significantly more variable than those of FP squirrels. In year 3 variability of SCNx and FP animals did not differ, but the mean aggregate T was significantly longer for SCNX squirrels (Table 3 ). Fifty-six percent of neurologically intact SNP animals versus 29% of SCNx animals had T's in year 3 that did not differ significantly from 365 days (p < 0.05; Table 3 ), and thus could be said to have synchronized with the SNP.
Interrelation of Circannual Rhythms. Pearson correlations between measures of annual weight and estrus differed for SCNx animals as compared to FP or SCNC animals. The only significant correlation for SCNx squirrels was between nadir weight and onset of estrus in year 1. In contrast, several measures (five of six) were correlated in year 1, and all measures of weight and estrus (six of six) were significantly intercorrelated in the last year for SCNC and FP squirrels.
INFLUENCE OF AGE AT FIRST EXPOSURE TO SNP
Groups 6 and 5 were first exposed to the SNP beginning at 2 and 10 months of age, respectively. The first body weight nadir and peak, and the first estrus, occurred significantly earlier for animals in Group 6. After the first year, differences between groups 5 and 6 were not significant. The circannual T for the first year was significantly longer for group 6 squirrels than for group 5 squirrels of the same age (347 ± 4 vs. 330 ± 3 days; p < 0.001).
EXPERIMENT 2
Three squirrels produced four complete cycles during 2 years of exposure to the accelerated photoperiod, whereas the remaining nine animals produced 2-2.5 cycles in that interval (cluster analysis; Fig. 3 ). Each animal's aggregate T, calculated from the available weight and estrous periods, was compared to values of 182.5 days (6 months) or 365 days (12 months). Three squirrels generated three cycles with T's that did not differ significantly from 6 months; six squirrels had cycles that did not differ significantly from 12 months; and the rhythms of the remaining three animals differed significantly from both 6-and 12-month T's (Table 4 ). Thus 75% of squirrels demonstrated T's consistent with entrainment to the accelerated photocycle.
Nadir and peak cluster durations did not differ between 6-month and 12-month groups for the first year. The first significant difference was detected at the second phase of declining weight. All cluster durations and peak-nadir intervals were shorter thereafter for squirrels with 6-month cycles than for other squirrels.
Squirrels with 6-month cycles did not manifest estrus at every body weight nadir; estrus either alternated between nadirs (two animals) or was absent for several cycles in the third squirrel. Squirrels not entrained to the accelerated SNP exhibited normal estrus onsets near the time of weight nadir (Fig. 3) . Synchronization, as measured by variability within and between 6and 12-month groups, was quite good despite the small n's. Variability did not increase over the cycles, and there were no differences between groups for a given cycle (Table 4 ). Mean calendar dates for the several events were not compared between groups, because T's were completely different for those synchronizing to 6or 12-month periods. The small sample sizes precluded Pearson correlations of phase relations among the measures of weight and estrus. 4. Periods (Days) of Rhythms of Animals Exposed to Accelerated SNP Note. Squirrels were assigned to each group on the basis of individual testing of whether each T differed significantly from 182.5 days or 365 days. All animals differed significantly from these values during the first cycle; thereafter, all cycles for each individual fell into one of the three categories. No animal had one type of cycle and then switched to another. Cycles without * or ** differed significantly from both 182.5 and 365 days. * Period did not differ significantly from 182.5 days. ** Period did not differ significantly from 365 days. z DISCUSSION An SNP from April to October each year lengthened the T of circannual rhythms of body weight and reproduction of ground squirrels. The results suggest that the SNP was entraining these rhythms. This conclusion is consistent with criteria traditionally used to establish entrainment of circannual rhythms to zeitgebers (Farner, 1985; Gwinner, 1986; Zucker et al., 1991 ) , including occurrence of a particular event on similar calendar dates on successive years; low within-group variability as evidence of interanimal synchronization to a zeitgeber; maintenance of phase relations among several variables entrained by the zeitgeber; and, within the range of entrainment, responsiveness of the rhythm to changes in frequency of the zeitgeber. Thus, by the end of the third year, 56% of SNP animals had T's that did not differ from 365 days; in contrast, circannual rhythms of all FP animals free-ran with a T that was considerably shorter than 1 year (mean of 302 days), and 93% had T's that differed significantly from 365 days. These observations, and findings of a second study in which three squirrels maintained in an accelerated SNP had circannual rhythms synchronized to a T of 6 months, support the conclusion that golden-mantled ground squirrels are able to use the natural progression of changes in daylength from April to October to alter circannual cycles of body weight and reproduction. We consider it likely that the RHT-SCN pathway contributes to this entrainment process, because only 29% of squirrels that sustained interruption of this projection had T's of approximately 12 months after 3 years of exposure to the SNP; SCNx squirrels also had greatly increased within-group variability and no intervariable maintenance of phase relations.
Definitive proof that entrainment was achieved by the SNP would require that animals released into an FP after termination of the SNP condition begin their free runs from the point of apparent entrainment. This test would be difficult to implement under the best of conditions because of variability in T, and was not possible with these animals because of the limitations of squirrels' lifespans. Such an experiment could be attempted by maintaining squirrels in the SNP from birth, establishing putative entrainment, and releasing them into a free-running state. Although this study has not established beyond doubt that photoperiod entrains the circannual rhythms of ground squirrels, the data strongly indicate that such is the case. Therefore, in the remaining discussion the term &dquo;entrainment&dquo; is used to describe our findings, with the caveat that masking rather than entrainment by the SNP cannot yet be dismissed as a possibility.
Photoperiodic conditions during fall and winter did not affect phasing of circannual rhythms. The T's were equivalent in all three groups, irrespective of whether they were maintained in LL, DD, or LD 12:12 during fall and winter. This result suggests, but does not definitively establish, absence of responsiveness to photoperiod during the hibernation season. Squirrels in Experiment 2 that synchronized to the 6-month SNP with a 12-month T were exposed to and may have responded to the SNP during at least half of each winter phase of their circannual cycle. It is notable that 75% of the squirrels exposed to the accelerated SNP synchronized with either 6or 12-month T's; this entrainment was achieved within 1-1.5 cycles, and was more rapid and effective with a higher percentage of animals than for squirrels deprived of SNP information during the winter phase of the circannual cycle in Experiment 1.
If the SNP entrains circannual rhythms during the first year of life, then T should be longer in squirrels first exposed to the SNP at weaning than in squirrels first exposed at 10 months of age. The data supported this prediction and suggest that the natural progression of spring-summer and/or autumn photoperiods influences circannual organization within the first year of life by phase-advancing the onset of reproduction, relative to that of animals exposed to an FP in the first year.
Nadir, peak, and rising body weight cluster durations did not differ between groups, but FP animals had significantly shorter intervals of declining weight than did SNP squirrels. This suggests that the overall effect of SNP is to phase-delay the onset of estrus and to prolong the weight loss phase relative to FP animals after the first year. This is unlikely to be a masking effect of winter photoperiod, since animals from winter DD, LD 12:12, and LL conditions all had longer declining weight phases than did FP animals.
The synchronization of the circannual body weight rhythm to a T of 6 months in 25% of squirrels exposed to the accelerated SNP (two cycles per calendar year) is remarkable. Continuation of this experiment for 2 more years would have revealed whether more squirrels were capable of producing 6-month cycles. European starlings, like golden-mantled ground squirrels, require several cycles to entrain their rhythms to periods shorter than 12 months (Gwinner, 1981 (Gwinner, , 1986 ; in contrast, deer (Goss et al., 1974; Goss, 1983 ) and sheep (Bittman et al., 1983) immediately entrain circannual rhythms to short annual cycles. Alternatively, it is possible that the initial phase relation between the accelerated SNP cycle and the animals' circannual rhythms determined whether squirrels entrained to the accelerated SNP with a 6or 12-month T.
Neural pathways for entrainment of circannual rhythms remain to be specified (Zucker and Dark, 1986; Zucker, 1988) . Previous experiments suggested a limited role for the SCN in the generation or expression of circannual rhythms (Zucker et al., 1983; Dark et al., 1985 Dark et al., , 1990 ), but did not evaluate SCN involvement in entrainment of circannual rhythms by the illumination cycle. The present data indicate that entrainment of annual rhythms is impaired in SCN-lesioned squirrels. The increasing variability in synchronization to the LD cycle among SCNx animals dated from the time they sustained brain damage. Nevertheless, SCNX animals were not equivalent to intact squirrels kept in the FP. Unlike neurologically intact squirrels, 38% of SCNx squirrels did not produce body weight cycles for 1 or more years; 31 % had disrupted estrous cycles; and within-group variability in circannual period length was much greater. The consistent phase relation between estrus and body weight nadirs and peaks found in FP and SCNC squirrels did not occur in SCNX animals. These results suggest that the SCN contributes to the generation or expression of circannual rhythms as well as to their entrainment. The present data provide some direction for future studies. The declining phase of the body weight rhythm (time between peak and nadir weights) was lengthened by the SNP as compared to that of free-running animals, suggesting that photoperiod exerts a phase-delaying effect during this phase of the weight cycle. However, animals in the first year of life were phase-advanced by the SNP, which included declining daylengths from August-September and increasing daylengths in the spring. This result suggests that the SNP can either phasedelay or phase-advance circannual rhythms, depending upon the phase of the circannual cycle or perhaps the age of the animal when the exposure begins.
Peak and nadir body weights of squirrels that entrained to the accelerated SNP with a 6-month T phase-shifted in the opposite direction from those of animals that entrained to this photocycle with a 12-month T (Fig. 3 ). Squirrels entraining with a 12-month T were initially exposed to the SNP during the increasing phase of the weight cycle and were apparently phase-delayed, whereas animals entrained with a 6-month T were maintained in DD during the increasing weight phase, were first exposed to the SNP during the decreasing weight phase, and were evidently phase-advanced. The three squirrels whose rhythms were not entrained with either a 6or 12-month T (last T: 296 -±-13 days) may have been reentraining to the shorter cycle, but the remaining six animals appeared synchronized to a 12-month T. Similar results have been reported for birds (Gwinner et al., , 1972 Gwinner, 1971 Gwinner, , 1986 , trout (Duston and Bromage, 1988) , and juvenile ground squirrels (Phillips and Jameson, 1980) . In each case, circannual rhythms were phase-delayed or phaseadvanced by the photocycle, depending upon circannual phase at the time of initial exposure to the photoperiod.
The relevance of these laboratory observations to behavior of free-living squirrels may be assessed by considering how closely timing of weight cycles and estrus coincides in SNP animals and squirrels in the field. The correspondence in many respects is quite good. In the SNP, nadirs in body weight occurred on April 5 and March 18 and estrus on February 24 and March 18 in successive years. Bronson (1977) reported that adult squirrels emerge between March 15 and May 28; body weight is at its lowest shortly after emergence, and estrus occurs at this time. Considering that laboratory animals were exposed to the SNP for 26 weeks (as opposed to 20 weeks on average for field animals), and did not experience low temperatures, snow, or food shortages, the degree of synchrony between field and laboratory populations is notable. In contrast, for squirrels held in the FP, estrus and the body weight nadir occurred later than normal in yearlings, at approximately the correct time in year 2, and increasingly early in years 3 and 4 compared to field populations.
Low temperatures have been implicated in timing annual rhythms of golden-mantled ground squirrels Mrosovsky, 1983, 1985; Mrosovsky, 1986) ; several months of cold exposure phase-delays the circannual rhythms of body weight and reproduction. Entraining effects of temperature on circannual rhythms have not been demonstrated, and temperature manipulations that phase-shift circannual rhythms are sometimes extreme and typically would not be experienced by animals in nature. It is possible, however, that squirrels have redundant mechanisms for ensuring appropriate timing of arousal for breeding in the spring, and that temperature fluctuations are of some significance. We consider it more likely that photoperiod, as the most reliable predictor of annual phase, is the major zeitgeber in this as in many other species.
In summary, circannual rhythms of golden-mantled ground squirrels can be manipulated by an SNP. Entrainment may occur as the result of the SNP's producing a net phase delay of the circannual oscillator. Photoperiodic control appears to be mediated by the RHT, and in approximately one-third of squirrels ablation of the SCN disrupts expression of normal circannual rhythms.
